Radiative recombination processes in bulk InGaN grown by molecular beam epitaxy (MBE) on lithium gallate (LGO or LiGaO 2 ) substrates were investigated using microscopic PL and time-resolved photoluminescence (TRPL). The improved structural quality resulting from a better lattice match of the LGO substrate to III-V nitride materials simplifies these investigations because well-defined composition phases can be analyzed for both homogeneous and phased separated InGaN samples. Epilayers of InGaN intentionally grown with and without indium segregation were studied. X-ray diffraction measurements showed that the homogeneous epilayer was high quality In 0.208 Ga 0.702 N and the segregated epilayer exhibited peaks corresponding to both In 0.289 Ga 0.711 N and In 0.443 Ga 0.557 N indicating the presence of higher In concentration regions in this sample. Spatially resolved photoluminescence spectra confirm the existence of these regions. The photoluminescence intensity decay is non-exponential for both samples and a stretched exponential fit to the decay data confirms the existence of local potential fluctuations in which carriers are localized before recombination.
INTRODUCTION
InGaN-based emitters are widely used for commercial high-brightness light emitting diodes (LED) from UV to amber [1, 2] . There have been numerous reports on the improvement of efficiency in these LED devices due to In-segregation [3] [4] [5] [6] [7] . The current theory suggests that the In-rich regions existing inside InGaN act as localization centers, which trap the carriers injected into the system. The probability of non-radiative recombination for a carrier localized in a potential fluctuation is significantly reduced [4, 6] and the excitons formed in the vicinity of the localization centers have greater oscillator strength [6] . As a result, the optical efficiency of the LED is greatly improved.
Most of the commercially available InGaN emitters consist of a multiple quantum well (MQW) heterostructures, which are characterized by emission efficiency that depends not only on the In-segregation but also on the built-in electric fields present as a result of the piezoelectric polarization [8] [9] [10] . Here, we have studied the changes induced by In-segregation in an InGaN epilayer grown by Molecular Beam Epitaxy (MBE) on a lithium gallate (LGO or LiGaO 2 ) substrate. The crystal quality of GaN and InGaN grown on this substrate is significantly improved as a result of a better lattice match between the substrate and the nitride materials [11, 12] .
In this paper we present the results of confocal photoluminescence (CPL) and timeresolved photoluminescence (TRPL) measurements on two InGaN epilayers. X-ray and CPL confirm the existence of In-segregation in one of the samples. The results of a stretched exponential fit to the TRPL intensity decay show the carrier lifetimes is nearly 3 times longer in the segregated sample in comparison to the non-segregated one, in agreement with the predicted decrease in the non-radiative recombination rate associated with increased carrier localization.
EXPERIMENTAL DETAILS
The two samples used in this study are 500nm thick InGaN epilayers grown by MBE on a LGO substrate on the top of an equally thick (500nm) GaN buffer layer. One of the samples was intentionally grown to exhibit In-segregation, whereas the other was grown without Insegregation, thus serving as a reference.
CPL spectra were measured using the 400nm frequency doubled output beam of a Ti:sapphire laser as a pump. The beam was focused on the sample by a confocal microscope system with a lateral resolution of 200nm. The PL signal was collected and spectrally analyzed through a fiber attached to a computer-controlled spectrometer equipped with a CCD camera. During the experiment, several PL spectra were collected at different locations on each of the samples.
TRPL measurements were performed using the 200 fs laser pulses produced by a regenerative amplifier (Coherent: RegA) seeded by a Ti:Sapphire laser at 800nm. An optical parametric amplifier (Coherent: OPA) and a frequency doubling BBO crystal provided the upconversion of the RegA pulses to 330nm. The excitation wavelength was chosen such that all the incident photons are absorbed in the nitride layers. The incident beam is focused on the sample by conventional optics with a spot size of~60 µm. The back-scattered light from the sample was collected through conventional optics, and spectrally and temporally resolved by a Chromex 250IS monochromator and a Hamamatsu C4334 streakcamera with a typical jitter of 50ps.
RESULTS
The X-ray diffraction spectra from the two samples under study are presented in figure 1 . The reference sample exhibits three peaks associated with the LGO substrate, the GaN buffer and the InGaN layer. From the difference between the GaN and InGaN peaks we estimate the In concentration to be approximately 20.8%, in very good agreement with the expected nominal value. The peak associated with the In 0.208 Ga 0.792 N has a full width half maximum (FWHM) of 289 arc-s, and is broader than the peak corresponding to the GaN layer having a FWHM of 148 arc-s. The broadening indicates there is likely some partial phase separation in the sample and additional dislocations in the InGaN layer not found in the GaN. The spectrum corresponding to the In-segregated sample exhibits two peaks associated with InGaN: one corresponding to a 28.9% In concentration, and the other to a 44% In concentration. This is an indication that two completely separate phases are present inside the InGaN layer. We can visualize the sample as 44% InGaN "islands" embedded in a 28.9% InGaN "matrix". The integrated intensity of the x-ray spectra indicates that the 44% In phase makes up~15% of the overall InGaN material with the rest of the InGaN attributed to the 28.9% In phase making the average In composition for the entire film~31%. The x-ray peak corresponding to the 28.9% InGaN has a FWHM of 278 arc-s compared to the GaN width of 155 arc-s indicating that, besides the existence of In-rich regions, random alloy fluctuations are also present in the "matrix". The peak corresponding to the In 0.44 Ga 0.56 N is 205 arc-s wide and thus, is likely to have L11.6.2 Figure 1 . X-ray diffraction spectra for the (a) reference and (b) In-segregated samples. The latter exhibits two peaks indicating the existence of two separate phases. fewer random alloy fluctuations.
CPL studies confirm the presence of a higher concentration phase inside the segregated sample. Figure 2 presents the PL spectra from several randomly chosen locations across the samples. The dotted lines represent the PL taken using conventional optics. Both samples exhibit very broad (FWHM = 400meV) PL features as expected for alloys with high concentrations where the presence of random In fluctuations determines the broadening of the PL. The timeintegrated spectrum of the segregated samples shows an overall redshift in comparison to the reference sample suggesting the existence of a higher average In concentration in this sample. The confocal microscope allows us to probe small areas (200nm in diameter) inside the sample and investigate the nature of the redshift observed in conventional PL measurements. Several PL spectra from the reference sample taken at different locations (figure 2(a)) exhibit no significant changes when the beam position is changed on the sample surface. In contrast, the segregated sample PL spectra (figure 2(b)) taken with the same confocal system show significant changes in the PL shape for different beam positions on the sample surface. In fact, there are several peaks, which can be resolved in these spectra. The relative intensity of the peak centered at about 2.5eV to the one centered at 2.1eV varies as a function of beam position. These energies match very well to the bandgaps of In 0.289 Ga 0.711 N (2.5eV) and In 0.44 Ga 56 N (2.1eV) [13] . The changes in the relative intensity of the two spectral components prove the existence of well- At low temperature, we observed a much stronger signal for TRPL, allowing us to analyze the lifetimes more readily. Figure 3 shows the TRPL spectra from both samples at 15K. Unlike the spatially resolved measurement, in this experiment, the spot size of the incident beam is much greater than the size of the In-rich regions. Therefore what we observed is the convolution of the PL contribution from several In-rich regions as well as the 28.9% In "matrix". A red shift is observed in the segregated sample similar to room temperature measurements. The tail emission at 2.1eV and the dominant feature at 2.5eV in the segregated sample illustrate the relative abundance of the two phases, mentioned earlier. The PL spectrum is dominated by inhomogeneous broadening due not only to the overlap of PL features associated with the two In phases, but also to the partial phase separation which exists within the 28.9% In phase. The partial phase separation is also present in the reference sample and as a result, its PL spectrum is characterized by a FWHM comparable to that of the segregated sample. The PL intensity decay appears to be slower in the segregated sample. In an attempt to quantify the difference in PL decay, we plotted the decay of the integrated PL intensity for each sample as shown in figure 4 (a). The log (PL intensity) vs. time plot clearly shows that the PL decays for both samples are non-exponential in nature. This is most likely caused by the alloy fluctuation in these samples. Previous studies [14] of PL lifetime have shown that the stretched exponential decay model [15, 16] can offer insight into the recombination mechanisms in InGaN-related structures. According to this model the PL intensity decay is described by the following expression:
based on the assumption that potential fluctuations due to alloy disorder exist inside the sample.
The carriers are trapped in the potential minima of these fluctuations .The parameter β (the stretched exponential coefficient) represents a measure of the alloy disorder [14] . In our samples, we fitted the decays with the stretched exponential and obtained the results of τ = 5 ns and β = 0.38 for the reference sample, while for the segregated sample, τ =14 ns and β = 0.41. Since the In-rich phase only makes up 15% of the overall InGaN material in the segregated sample, most carriers are generated in the 28.9% In region. Subsequent to generation carriers with sufficient energy can relax to the potential minima induced by the phase separation. [3, 6] . In TRPL, the measured emission decay rate is a combination of the rates of radiative and non-radiative recombination, and the PL decay time is related to the radiative and non-radiative lifetimes (τ PL , τ R and τ NR ) through the following equation:
With In-segregation, the rate of non-radiative recombination is expected to decrease since carriers are now trapped by the In-rich region and confined away from the non-radiative recombination centers. Assuming τ R is the similar in both samples then the only explanation for a longer τ PL is that τ NR has been elongated for the segregated sample. Therefore, the longer lifetime observed in the segregated sample is most likely the result of a reduction in non-radiative recombination rate by carrier localization.
CONCLUSIONS
LGO serves as a very good substrate for growing strain-free GaN and InGaN epilayers in which the effects of dislocations induced by lattice mismatch on the emission efficiency are greatly reduced and the influence of In-segregation on radiative recombination can be studied efficiently. We have presented spatially and time-resolved PL studies of InGaN epilayers grown on LGO by MBE. The changes in the spatially resolved CPL spectra as a function of beam position observed in the segregated sample confirmed the existence of In-rich regions indicated by the x-ray measurements on the same sample. The overall redshift of the PL peak energy with respect to that corresponding to a non-segregated samples observed using conventional PL techniques is in agreement with the existence of a high In concentration phase inside the sample. Most importantly, the PL decay times obtained as a result of a stretched exponential fit to the decay data increased by nearly a factor of 3 as a result of In segregation. This observation implies the carriers are no longer trapped by the non-radiative centers but they become localized on radiative states existing in the potential minima created inside the In-rich regions.
